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Preface 

This  report  la  an  account  of  ay  efforts  to  verify  tha 
applicability  of  tha  differential  scanning  calorlae ter  in  determining 
properties  of  organic  explosives.  The  work  will,  hopefully,  be  a 
useful  guide  to  gaining  further  understanding  of  the  behavior  of 
explosives  in  increasing  temperature  environments. 

The  organic  explosives  used  in  this  study  ware  as  received;  no 
attempts  mete  made  to  purify  them  or  alter  their  crystalline  form. 

Only  those  known  as  "high  explosives"  mere  tested.  Inorganic 
explosives  such  as  lead  aside  were  not  studied  because  their  higher 
sensitivity  would  have  made  necessary  an  entirely  different  labor¬ 
atory  procedure.  Amounts  of  explosives  kept  on  hand  were  small  enough 
to  permit  sample  preparation  and  storage  with  very  little  danger  of 
injury.  Sample  sizes  were  on  the  order  of  1  mg  for  heat  of  fusion, 
purity,  and  activation  energy  tests;  specific  heat  test  samples  mere 
larger  —  about  30  mg  —  to  compare  in  mass  to  the  test  standard 
used.  Ho  laboratory  accidents  occurred  during  the  test  program. 

My  inspiration  for  this  study  was  provided  by  Or.  William  C. 

Bahr,  a  man  with  an  inquiring  mind  and  a  love  for  research.  He 
motivated  in  hia  students  an  interest  in  thermochemistry  in  general 
and  in  organic  explosives  in  particular,  as  well  as  a  lively  respect 
for  the  technical  literature.  Hia  sudden  death  in  March  removed  from 
our  midst  a  man  whe  contributions  mere  only  beginning,  but  who  may 
at  last  be  finding  some  of  the  answers  he  continually  sought. 

I  wish  to  express  thanks  to  Co lorn!  Joseph  R.  O’Brien,  Chief, 
Weapons  Technology  Branch,  for  his  assistance  in  our  obtaining  the  use 
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of  SBC  equipaent  purchased  by  his  organisation.  Without  this  special 
help*  the  study  could  not  hare  been  possible. 

The  interest  and  assistance  of  Mr.  Williaa  V.  Baker  is  gratefully 
acknowledged.  Bis  help  in  setting  up  the  instrument  for  aany  of  the 
test  runs  saved  aany  hours. 

Finally*  ay  wife  Gloria's  helpfulness  and  serene  patience  while 
this  study  was  in  progress  are  greatly  appreciated. 


Jerry  D.  Wilcox 
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Abstract 

Differential  Scanning  Calorimetry  methods  are  applied  la 
determining  beat  of  fusion,  purity,  specific  heat,  and  activation 
energy  of  decomposition  for  undiluted,  unmixed  samples  of  the  high 
explosives  THR,  TNT,  tetryl,  HKX,  SDK,  and  PITO.  Thermograms 
describing  energy  absorption  or  evolution  from  300°*  to  600°K  are 
presented.  Beat  of  fusion  and  purity  results  are  consistent  for 
explosives  which  melt  at  lower  temperatures  without  vaporisation, 
such  as  TNT  and  tetryl.  Specific  heat  values  in  the  313°K  to  423°K 
range  all  lie  between  0.25  and  0.35  cal/ga  °K,  monotoolcally  increas¬ 
ing  with  temperature.  Activations  energies  obtained  are  20%  -  50% 
higher  than  those  reported  from  isothermal  tests. 


x 


(UV/MK/67B-3 


DimssrriAL  souomio  calorimetry  utboos 
hi  rax  omBXHUTZoir  or 

THKRMAL  PROPERTIES  07  EXPLOSIVES 

I.  Introduction 

The  theraal  analysis  of  organic  explosives  has  for  many  years 
yisldsd  lnfoornation  to  laprovt  tbs  design  and  safe  Manufacturing 
procedures  of  weapons  and  related  devices.  One  useful  technique  has 
been  differential  thernal  analysis  (OTA) *  in  vhieh  the  temperature  of 
a  sanple  is  oenpared  with  the  tewperature  of  a  reference  naterlal 
while  both  are  being  heated  at  sane  controlled  tenperature  rate.  The 
results  are  usually  plotted  as  tewperature  difference  we  re  us  reference 
tewperature.  The  differential  scanning  calorimeter*  developed  by  the 
Perkln-Xlaer  Corporation  in  1963 »  eoabines  the  OTA  net hod  of  tenper¬ 
ature  comparison  with  closed  loop  heat  addition.  Rather  than 
difference  in  tenperature »  the  quantity  aeasured  by  this  lnstruaent  is 
the  electrical  power  in  calories  per  second  required  to  nalntain  the 
sanple  and  reference  at  the  sane  tenperature.  Thus*  the  actual  power 
supplied  to  either  the  sanple  side  —  in  an  endothernlc  reaction  such 
as  neltlng*  or  the  reference  side  —  in  an  exert  he  rale  reaction  such  as 
deconpositlon*  is  plotted  on  the  recorder  chart  versus  tenperature. 

The  recorder  output  shows  endothernlc  and  exothernlc  peaks  whose  areas 
are  directly  proportional  to  the  energy  absorbed  or  liberated  by  the 
sanple.  This  feature  suggests  that  quantitative  studies  of  reactions 
Involving  energy  change  are  possible.  Tbs  purpose  of  this  study* 
then*  la  to  investigate  the  applicability  of  differential  scannli* 
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oalovimstry  techniqass  to  the  determination  of  thermal  pr opart iea  of 
explosive*. 

Experimental  Approach 

Tha  uaa  of  tha  differential  scanning  calorimeter  in  dataralnix^ 
haat  of  fusion*  purity*  specific  hast*  and  activation  energy  for 
decomposition  was  investigated  for  the  following  explosives  t  TUB*  TUT* 
tetryl,  HMZ*  RDX*  and  PTOf.  Magnified  (3.75X)  views  of  tha  actual 
explosives  used  are  given  in  Figure  6. 

The  following  experimental  procedures  were  applied: 

1.  Haat  of  fusion  was  calculated  by  comparing  the  area  of 
tha  sample's  malting  endothera  with  the  area  of  lndlua's  melting 
endotherm. 

2.  Purity  determinations  mare  made  by  eomparlz*  the  shape 
and  curvature  of  the  sample's  malting  endotherm  with  the  shape  and 
curvature  of  a  pure  sample  of  indium  metal. 

3.  Specific  heats  were  determined  by  directly  caaqwrlng  tue 
recorder  traoe  displacements  of  the  sample  with  those  of  a  reforonce 
material  at  successive  temperatures . 

4.  Activation  energy  was  determined  by  studying  the  shape 
and  curvature  of  the  leading  edge  of  the  decomposition  exotherm. 
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XX.  Apparatus 

The  equipment  uMd  in  this  study  consisted  of  s  Ferkin-Blmer  Model 
DSC- IB  Differential  Scanning  Cal or 1m ter  and  accessories*  Leeds  and 
Wort hr up  "Speedoaax  W"  Potentiometer  Recorder*  and  a  Cahn  Graa  Electro¬ 
balance*  Model  0.  These  instrusents  are  shown  in  Figure  1. 


Figure  1 

View  of  That  Apparatus 


Differential  Scanning  Calorimeter 

Figure  2  shows  the  differential  scanning  calorimeter*  Perkln-Blmer 
Cat.  Wo.  219-0139*  which  consists  of  a  sample  holder  assembly*  trans- 
parent-top  sample  enclosure  cower*  sample  holder  base  unit*  and  control 

i 

unit.  The  renewable  sample  holder  assembly*  Figure  3*  consists  of  a 
base  plate  upon  which  two  0.27  inch  inside  diameter  sample  holders  are 
symmetrically  mounted  w.th  platinums  resistance  thermometers  and  heating 
elements  embedded  in  the  base  of  each*  and  with  purge  gas  inlet  and 
outlet  trbes  extending  downward  into  the  base  unit.  The  sample  enclo¬ 
sure  cower  has  two  ports  whose  teflon  stoppers  can  be  removed  for 
access  to  the  sample  holders  during  use.  The  control  unit  contains  a 
multi-range  two-directional  linear  temperature  programmer  with  eight 
scau  speeds  from  0,625  °K/min  to  80  °K/min*  a  range  sensitivity 
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••lector  with  WTin  range*  from  1  to  64  millicalories  full  scale*  tran¬ 
sistorized  amplifiers  and  power  supply*  and  electronic  baseline  slope 
compensator,  normal  temperature  range  is  273 °K  to  773°Z.  Accessories 
include  a  Sola  type  CVS  constant  voltage  transformer  (not  shown)  and  a 
nitrogen  purge  gas  system  with  a  filter  dryer  and  a  Matheson  gas 
regulator. 

The  DSC- IB  calibration  performed  at  the  factory  was  reported  as  a 
chart  of  suggested  settings  for  the  two  temperature  calibration  dials 
cm  the  base  unit.  The  sample  holder  for  which  the  calibration  had  been 
performed  was  installed  in  the  base*  and  the  calibration  was  repeated 
according  to  the  published  instructions  for  the  equipment  as  installed. 
Since  no  deviations  in  temperature  were  observed*  the  suggested  set¬ 
tings  were  used  throughout  the  experimental  work.  The  same  sample 
holder  was  used  for  all  experiments. 

Potentiometer  Recorder 

The  Leeds  and 
Korthrup  potentiometer 
recorder*  Figure  4*  is 
a  downward  feed  strip 
chart  recorder  with  a 
horizontally  moving 
trace  pen  to  record 
the  differential  power 
signal  from  the  DSC- IB 
sample  holder  and  a 

second  pen  at  the 
right  margin  to  mark 
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each  degree  of  increase  or  decrease  of  the  teaperature  programming 
dial.  Three  chart  speeds  are  aval labia:  0.25*  1.0*  and  4.0  lnchaa 
par  minute. 

Klectrobelance 

The  Cairn  Gram  glectrobalaace*  Figure  5.  has  eight  selected  full- 
scale  ranges  from  0-1  to  0-1000  allligrams*  with  a  precision  of  0.0001 
«g  on  the  smallest  scale.  Accessories  include  a  set  of  calibrating 

weights*  forceps*  and 
two  sizes  of  weighing 
pans  and  stirrups. 

In  order  to  handle 
gross  weights  rang¬ 
ing  from  20  to  60  ag» 
the  0-100  ng  scale 
was  used  in  this 
study.  The  precision 
on  this  range*  given 
as  0.01  mg'*  was 
verified  by  exact 
duplication  of  weigh¬ 
ings  over  a  period  of 
several  weeks. 
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ZIZ.  Experimental  Prowdurtt 

Many  method*  have  bean  developed  by  DSC  users  to  take  advantage  of 
tbs  lnstrusent's  capability  for  quantitative  energy  determinations. 
Sources  for  the  four  tests  described  in  this  report  are  as  follows : 
beat  of  fusion  (Ref  8:42)*  purity  (Rat  35:1)*  specific  heat  (Ref 
20:1331)*  and  activation  energy  (Ref  28:412). 

Full  scale  recorder  deflections  for  beat  of  fusion*  purity*  and 
activation  energy  tests  mere  obtained  for  samples  of  1  mg  or  less* 
depending  on  the  control  settings  chosen.  Four  DSC  control  settings 
mere  available:  range  (Ra)  in  alllicalorles  full  scale*  scan  speed 
(8c)  in  Kelvin  degrees  per  minute*  chart  speed  (Ch)  in  inches  per 
minute*  and  slope*  dimensionless.  The  Ra  setting  provided  ordinate 
sine  control*  while  3c  and  Ch  gave  abscissa  control.  To  facilitate 
comparison*  most  tests  of  a  series  were  run  with  similar  settings. 

In  all  tests  with  the  DSC*  a  straight  baseline  parallel  to  the 
recorder  chart  edges  was  sought.  Depending  on  the  results  of  the  first 
try  with  an  "average"  setting*  the  slope  control  was  adjusted  up  or 
down  until  a  straightness  adequate  for  the  test  to  be  performed  was 
achieved.  The  effect  of  slope  setting  on  recorded  areas  was  assumed 
negligible  for  tests  having  a  baseline  within  s  few  degrees  of  parallel 
to  the  chart  edges. 

Preparation  of  Samples 

In  the  preparation  of  a  sample*  Figure  7*  a  small  amount  of 
explosive  (stock  described  in  Figure  6)  was  removed  from  the  storage 
vial  *sd  placed  in  *n  aluminum  cup  of  1/4  inch  diameter*  which  was 
placed  on  the  left  stirrup  of  the  elect rebalance  for  weighing.  The 
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Figure  6 


Details  of  Explosives  Stack 


1.  IMS  2*4 ,6-trinitroresorcinol 


Inch 


0»2>3C6H<OH>2 

psle  green-yellow 


2.  TMT  2,4,6-trinitrotoluene 


<»2>3<^8h2ch3 


pole  yellow 


Ttotryl  H-eethyl-N»2*4»6-tetranitro- 
anlxlne 


0»2>3CH3in®2 

yellow 

Octahydro-1,3 ,5,7-tetranitro- 
1*3*5*  7-tetrazoc ine 

(ho2)4h4(ch2)4 


4.  HKX 


white 


S .  ROT  1*3*  5-trinitro-s-triaz Ice 


(nr>2)3»3<CH2>3 
pale  tan 


i  •*  •*< :  LJt 


Hi- 


0.  PSTN  Pentaerythritol  tetranitrate 

c(ch2)4o4(no2)4 


white 


;*pj 
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n«t  sample  weight  was  then  obtained  by  subtracting  the  pre-recorded 
tara  weight  of  tha  pan  and  lta  flat  aluminum  lid. 


Figure  7 

Sample  Preparation 


Tbe  sample  pan  adgaa  could  than  ba  rolled  downward  over  tha  pan 
lid  by  use  of  tha  spacial  crimping  press,  a  DSC  accessory.  Crimped 
samples  ware  lass  likely  to  ba  spilled  in  handling  or  storage. 
Activation  energy  test  samples  ware  crimped,  as  ware  those  for  the 
signature  thermograms.  However,  tha  crimping  process  frequently  caused 
tha  bottom  surface  of  a  sample  pan  to  bulge  inward,  reducing  the  area 
for  thermal  conduction  from  the  sample  holder  to  only  the  edges  of  the 
lower  surface.  Because  the  crimped  samples  displayed  varylig  degrees 
of  bulging,  purity  tests  were  run  with  covered,  uncriaped  samples  to 
ensure  s  flat  surface  of  contact.  An  additional  factor  for  specific 
hest  tests,  also  uncrimped,  was  the  large  size  (about  30  ag)  required; 
®OMB  samples  would  have  been  spilled  by  the  crimping  process  itself. 

Signature  Thermograms 

Bo fore  the  primary  tests  could  be  run  a  general  knowledge  of  an 
explosive’s  behavior  due  to  rising  temperature  was  necessary.  For 
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this  reason  *  a  sample  of  each  explosive  was  heated  at  a  constant  rate 
(i.e.  scanned)  from  ambient  teaperature  to  the  point  where  its  thermal 
activity  ended  —  between  500°K  and  600°K.  Tha  recorder  trace  thus 
produced  is  called  a  thermogram.  Such  thermograms*  uniquely  describing 
the  thermal  behavior  of  the  samples  which  produced  them*  are  called 
"signature  thermograms"  in  this  report .  They  were  used  as  guides  for 
selecting  the  teaperature  ranges  of  interest  of  each  explosive  for  the 
various  tests.  The  signature  thermograms  are  presented  in  Appendix  A. 

Although  the  convention  "endotherm  downward  (to  the  right  of  one 
facing  the  recorder)  and  exotherm  upward*"  a a  followed  in  this  report* 
does  not  conform  to  recommended  CSC  practice*  it  allows  direct 
comparison  with  the  many  results  of  differential  thermal  analysis 
teats  over  the  last  several  years. 

Hast  of  Fusion  Teat 

The  latent  heat  of  fusion  wss  determined  by  measuring  the  ares  of 
the  melting  endotherm  of  the  sample  and  comparing  it  with  that  of  a 
standard  pure  material.  The  5.95  mg  lndim  (99.9999%)  sample  provided 

with  the  DSC  equipment  was  used  as  the  standard.  In  this  study  the 

t 

heatL  Of  fusion  were  generally  calculated  as  a  preliminary  step  in 
the  purity  deterainat ions , 


Purity  Teat 


Sample  size  was 
melting  endotherm  at 
Ch*  4  in/ain  and  Sc* 


adjusted  to  that  which  would  produce  a  large 
instrument  settings  of  Ss*  2  seal  full  seals* 
0.825  °X/mln.  The  initial  temperature  was  set 


far  r®  lor  *•'  ®  of  molt ing  shc-rn  on  the  signature  thermo¬ 

grams  to  ensure  that  the  entire  visible  leading  edge  was  included 
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In  the  record.  The  trace  pen  was  set  on  the  low  specific  heat  (left) 
side  of  the  recorder  chart  to  allow  space  for  the  malting  endothern  to 
fora.  After  the  instrument  had  cone  to  equilibrium  —  about  two 
ainutes  —  the  saaple  was  scanned  upward  through  the  melting  trans¬ 
ition.  A  return  baseline  was  established  in  each  test  before  stopping 
the  scan. 

Specific  Heat  Test 

A  flat  disc  of  alia  in  un  oocide  (in  the  fora  of  synthetic  sapphire 
or  cor  undue)  provided  as  an  accessory  to  the  DSC  instrument  was  used 
as  a  standard  reference  aaterlal  for  the  specific  heat  tests.  The 
baseline  displacement  of  the  sapphire »  due  to  a  programmed  energy 
input  producing  a  temperature  rise  of  10  °K/min*  was  compared  at  ten 
degree  intervals  froa  313°K  to  423°S  to  that  of  known  weights  of 
explosive.  Large  enough  samples  were  used  to  produce  specific  heat 
displacements  of  the  same  order  of  magnitude  as  those  of  the  sapphire. 
Two  dome  shaped  aluminum  sample  holder  covers  fitting  snugly  over 
each  saaple  holder  were  used  as  radiation  shields  to  minimize  thermal 
eaisslvlty  changes  of  the  sample  during  beating. 

Two  different  types  of  test  series  were  performed  and  are  com¬ 
pared  in  this  report:  (1)  two  series  of  six  short  scans  through 
overlapping  segments  of  the  temperature  range*  and  (2)  one  continuous 
scan  over  the  entire  temperature  range.  In  each  test  the  sapphire* 
empty  pan*  and  the  six  samples  in  turn  were  scanned  through  the 
required  range.  To  allcv  the  scanning  baseline  to  adjust  itself*  the 
instrment  for  each  test  was  equilibrated  at  15  degrees  be lew *tho 
temperature  at  which  the  first  reading  was  desired.  The  results  are 


compared  graphically  in  Appendix  C. 

Activation  Energy  That 

The  rata  of  anargy  evolution  at  any  temperature  ia  proportional  to 
the  distance  between  the  rising  decomposition  curve  and  the  inter* 
pointed  baseline  at  that  temperature.  Explosives  which  vaporize 
before  reaching  their  decomposition  temperature ,  however «  cannot  be 
tested  for  activation  energy  by  the  method  used  here.  Of  the  six 
explosives  being  considered  in  this  report ,  TNR  and  TUT  are  in  this 
category;  for  each  of  the  other  four  explosives  activation  energy 
determinations  were  attempted. 

With  a  small  (about  1  mg)  sample  in  the  sample  holder*  and  the 
trace  pen  on  the  high  specific  heat  side  (right)  of  the  recorder 
chart*  the  instrument  was  equilibrated  at  a  temperature  below  that 
for  which  any  exothermic  deflection  was  indicated  on  the  explosive's 
signature  thermogram.  Each  run  was  performed  with  Ch*  4  in/  min  * 
while  Sc  and  Ra  settings  were  adjusted  to  the  expected  exotherm's 
size  and  shape.  Although  for  purity  determinations  the  melting  peak 
had  to  be  kept  entirely  on  the  chart  for  area  measurement*  only  the 
leading  edge  of  the  activation  energy  exotherm  had  to  be  preserved. 

Thus  Sc  and  Ra  adjustment  to  keep  the  peak  entirely  on  the  chart  was 
not  critics.!. 
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IV.  Data  Analysis 

The  raw  data  from  the  four  types  of  tests  performed  in  this  study 
consisted  of  (1)  chart  recorder  traces  of  DSC  power  (mcal/sec)  versus 
temperature*  with  the  associated  control  settings  of  Ra*  Sc*  and'ch* 
and  (2)  8 ample  weight  (mg)*  where  required.  Details  on  the  calculation 
of  the  heat  of  fusion*  purity*  specific  heat*  and  activation  energy 
are  presented  in  this  section. 


Heat  of  Fusion 

The  basis  for  calculation  of  heat  of  fusion  by  DSC  is  the 
lnstrwent's  direct  measurement  of  the  power  input  required  to  hold 
the  temperature  difference  between  sample  and  reference  equal  to 
zero.  The  endothera  produced  during  melting  is  then  proportional  to 
the  energy  absorbed  during  fusion.  To  obtain  the  energy  of  tran¬ 
sition*  the  area  under  the  endothermic  peak  and  above  the  interpol¬ 
ated  baseline  was  measured  and  compared  with  that  of  the  pure  Indium 
standard*  whose  latent  heat  of  fusion  is  known  to  be  6.8  cal/gm.  The 
method  is  summarized  as  follows  : 


^®f ^Sample 
(Hf) Indium 


.A  Re. 


Ra 


Sample 


Indivmi 


(1) 


Purity 

Purity  was  found  from  measurements  of  the  Increasing  area  at 
corresponding  temperatures  along  the  melting  curve.  Temperature  points 
at  which  partial  area  measurements  were  to  be  made  were  marked  along 

the  interpolated  baseline  of  the  endotherm.  Then  "slope'’  lines*  ec;u«l 

in  slope  to  the  leading  edge  of  the  indium  melting  endotherm*  were 
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drawn  fro*  these  points  to  tbs  trace*  defining  points  along  tbs  tract 
tram  which  verticals  wore  drawn  to  tba  baseline  (see  neltlng  traces* 
Figures  B-l  to  B-9) .  Thus  the  boundaries  of  tbs  partial  areas*  with 
their  corresponding  tsaperatures ,  were  completely  described.  The 
ratio  of  partial  area  to  total  measured  area*  a/A*  was  defined  as  p* 
the  area  fraction.  Finally*  a  plot  was  made  of  teaperature  Ta  as  a 
function  of  reciprocal  F. 

Sven  though  extra  efforts  were  Bade  to  obtain  a  straight  and 
parallel  baseline  trace  before  visible  neltlng  deflection*  the  Ta  vs 
1/P  plot  was  not  tbs  straight  line  predicted  by  the  theory  (see 
Appendixes  B  and  P)»  indicating  that  not  all  the  energy  absorbed  in 
melting  was  represented  by  the  area  between  the  curve  and  the  inter¬ 
polated  baseline.  To  correct  for  this  effect  the  data  fas  nodifled  as 
suggested  in  Ref  36:1-4.  The  plot  for 

(1/F)0  a  A/a  (2) 

was  not  a  straight  line;  but  with 

(1/F)C  *  (A  +  c)/(a  +  c)  (3) 

the  locus  became  straight  for  a  specific  value  of  c.  This  occurred 
when  (1/P)C  values  for  successive  partial  areas  differed  by  a 
constant.  The  corrected  area*  (A  +  c) >  was  used  in  the  heat  of  fusion 

determination.  7inally*  the  slope  a  and  intercept  T0  of  the  modified 
Ta  vs  (1/P)C  plot  were  then  used  in  the  equation 

a  B 

I  -  - 2*  (4) 

a  V 

to  obtain  the  fraction  of  irr^c-lty,  X.  present  in  the  explosive. 

Actual  therr  ograoa ,  along  with  original  and  corrected  data* 
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plotted  points *  and  calculations *  are  presented  in  Appendix  B, 

Specific  Heat 

As  saaples  were  scanned  on  the  OSC»  the  increase  in  specif ic- heat 
with  increasing  temperature  was  indicated  bj  a  deflection  of  the  trace 
froM  the  established  pre-scanning  baseline. 

At  each  temperature  of  interest  the  total  displacements  of 
sapphire  reference*  empty  pan*  and  sample  mere  measured  in  inches.  The 
empty  pan  displacement  at  each  temperature  was  added  to  the  respective 
sample  and  sapphire  reference  displacements  in  the  following  ratio: 

S.e  <da  +  dp)/w,  (5) 

where  (ds  +  dp)  and  (dj.  +  dp)  are  the  net  trace  displacements  due  to 
the  sanple  and  sapphire  reference*  respectively. 

The  weight*  wr»  of  the  sapphire  reference  was  found  to  be  34.34 
mg.  The  values  of  Cp,r  for  each  temperature  of  Interest  were 
obtained  from  a  chart  provided  with  the  BBC  specific  heat  standards. 
Control  setting  Ba  in  all  tests  was  4  meal  full  scale. 

Activation  Energy 

The  ordinate  deflections  on  the  decomposition  exotherm  corres¬ 
ponding  to  several  successive  temperature  readings  w ere  measured  and 
plotted  versus  temperature  in  the  form  log^dj  vs  2/T^.  The  plot 
obtained  from  these  data  was  a  modified  Arrhenius  plot  which  differs 
from  the  usual  only  in  the  use  of  deflection  distance  d  in  place  of 
rate  constant  k  along  the  ordinate.  This  modification  was  done 
because  the  distance  measured  is  directly  proportional  to  the  rate  of 
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energy  evolved*  and  thus  Is  proportional  to  ths  Arrhsnius  rat*  constant 
k.  For  thos*  t«sts  whose  data  plots  wore  straight  lines *  than*  the 
act l*a t loo  energy  X*  was  calculated  by  the  following  equation : 

-<**/»>  3,303  <lof10dl  “  ^ldh)  <•) 

- - VT{-  17^ - 

or 

n*  "4***'8  l0*10<Vd2>  (7) 

“  l/Tj  -  1/1*2 

The  development  of  equation  (7)  is  given  la  Appendix  0. 

Actual  decomposition  exotherms  »  along  with  manured  data*  plotted 
points*  and  calculations*  are  presented  in  Appendix  O. 

Temperature  Correction 

The  temperature  readings  from  the  DSC  temperature  programming 
dial  were  not  exactly  correct.  The  Indliat  and  tin  samples  provided 
with  the  DSC  instrument  melted  at  429.03°K  and  506.83°K*  according  to 
the  dial.  This  compares  with  the  actual  melting  points  of  429.6°K 
and  504. 9°K*  respectively*  resulting  in  differences  of  -0.57°K:  for 
lndlm  and  +1.93°K  for  tin.  In  examining  the  results  of  represent¬ 
ative  tests  to  determine  the  effect  of  this  correction*  It  was  found 
that  a  -2. 0°K  temperature  correction  In  the  RTS  result  for  k* 
resulted  in  a  negative  adjustment  of  0.6  kcal/mole*  or  0.83%.  Since 
other  corrections  would  have  been  lees*  no  general  temperature 
correction  was  made. 
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V.  teittlt»  and  Discussion 

The  calculated  results  for  each  at  the  properties  considered  In 
this  study  are  presented  in  Figures  8-11#  along  with  comparisons 
with  results  published  In  the  literature. 

Heat  of  Fusion  and  Purity 

Of  the  six  explosives  considered#  only  TOT#  tetryl#  and  PITH  were 
tested  successfully  for  purity  and  heat  of  fusion  by  the  DSC  method. 
Besults  are  given  In  Figures  8  and  9.  The  other  three  explosives  pre¬ 
sented  various  problems#  some  of  which  are  described  In  this  section. 

Very  little  data  for  comparison  with  the  purity  results  was 
available;  only  HMX  and  FETH  values  were  found  (see  Appendix  X).  The 
PITH  stock  from  which  all  BBC  samples  were  drawn  was  described  as 
"at  least  98%  pure";  the  lowest  purity  Indicated  by  these  teBt 
results  was  99.14%.  Purity  of  HHX  was  quoted  as  99.8%;  unfortunately 
this  could  not  be  verified  by  the  DSC  methods. 

Fhctora  Impairing  Hesults  for  THR#  HHX#  and  RDX.  The  TUB  results 
were  impaired  by  the  occurrence  of  (a)  endothermic  changes  at  twelve 
and  five  degrees  below  the  onset  of  melting  (see  Figure  A-l)»  and  (b) 
vaporization  before  melting.  As  a  result#  fast  scanning  (Sc#  5  car 
more)  did  not  allow  time  for  the  recorder  trace  vo  form  the  essential 
straight  baseline  between  crystallization  and  malting#  while  slow 
scanning  magnified  sample  loss  by  vaporization. 

met  did  not  entirely  melt  before  Its  decomposition  began;  there¬ 
fore#  the  melting  area  was  Incomplete  for  fast  scan  speeds  and  non¬ 
existent  for  slow  speeds.  The  WfX  signature  thermogram  (Figure  4-4) 
shows  this  phenomenon. 
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The  melting  of  RDZ  «m  followed  by  an  upward  shift  in  tha  trace 
after  melting *  as  shown  on  tha  signature  thermogram  (Flyura  A-5).  This 
indicated  that  sample  was  bains  lost  by  vaporization  before  tha 
occurrence  of  decoapoeiticn.  No  BOX  salting  endotherm  could  be 
produced  on  a  alow  scan  spaed  (Sc ,  0.625);  instead)  tbs  recorder  trace 
consisted  of  a  eerlee  of  alternating  endo-  and  exothermic  peaks  of 
decreasing  amplitude*  20%  to  5%  of  chart  width*  and  centered  4%  to  the 
endothermic  side  of  the  original  baseline.  This  effect  was  probably 
caused  by  alternating  melting  and  vaporization;  no  sustained  exo¬ 
thermic  tendency  was  observed  until  at  least  fifteen  degrees  above 
the  temperature  at  which  melting  had  begun. 

Causes  of  Error.  Heat  of  fusion  values  both  with  and  without  the 
area  correction  are  compared  with  separate  test  values  in  Figure  8 » 
indicating  the  approximate  range  of  reproducibility  attained  in  these 
tests.  After  practice  with  the  planlneter  it  was  observed  that  the 
areas  could  be  measured  within  1%  of  average  over  a  series  of  measure¬ 
ments  with  several  pole  positions  snd  starting  points.  The 
differences  in  the  results  given*  shoving  a  variation  ranging  from 
2%  for  tetryl  to  18%  for  PSTN*  indicate  that  factors  ether  than 
inaccuracy  in  the  mechanical  area  measurements  probably  affected  the 
reproducibility  of  these  values. 

One  step  which  very  likely  introduced  error  was  the  interpolation 
of  the  baseline  to  tha  tail  cf  the  melting  endotherm  when  the  return 
baseline  was  not  level  with  the  initial  baseline.  An  arbitrary  conven¬ 
tion  was  to  extend  the  initial  baseline  to  the  point  immediately  under 

the  peak*  then  draw  a  line  to  the  established  retirrn  baseline.  This  is 

shewn*  for  example*  in  Figure  B-7.  Besults  of  direct  interpolation  of 
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baseline*  ignoring  the  above  convention  »  indicate  that  the  interpolated 
baseline's  location  vas  critical:  there  was  7%  difference  between 
"before"  and  "after"  values*  narked  with  an  asterisk  (*)  in  Figure  8. 

Another  problem  was  the  slight  vaporization  of  acne  samples 
before  and  during  melting.  Vapor  was  observed  during  the  malting  of 
PBTN*  and  final  weight  was  consistently  5%  to  8%  loner  than  initial 
weight.  Although  average  weight  was  used  for  heat  of  fusion  calcul¬ 
ations*  the  results  showed  considerable  scatter. 

Specific  Heat 

Results  in  the  literature*  as  plotted  for  comparison  in  Figure  10* 
indicate  that  specific  heat  curves  have  decreasing  positive  slope  with 
rising  temperature .  Figure  10  shows  that  specific  heat  curves  for  the 
explosives  tested  are  monotonic  increasing*  but  only  the  HHZ  curve 
exhibits  a  tendency  toward  decreasing  slope.  The  erratic  behavior  of 
the  IKK  and  PETN  curves  may  be  due  in  part  to  weight  loss  and  vapor¬ 
ization  observed  for  both.  The  averaged  curves  for  TUT*  tetryl*  and 
PSTN  in  Figure  10*  as  well  as  the  continuous  scan  results  in  Appendix 
C*  show  that  at  the  scanning  speed  and  range  sensitivity  used  (Sc » 

10  °K/nin;  Ra>  4  seal)  the  deflection  toward  nelting  began  quite 
early.  This  tendency*  then*  may  have  canceled  the  expected  decrease 
in  slope. 

The  relative  position  of  the  recorder  trace  pen  during  scanning 
was  always  proportional  to  two  parameters :  (1)  size  of  sample*  and 
(2)  specific  heat*  Cp>  of  sample.  If  an  uncos nged  zero  setting  far 
the  trace  pen  is  assisted*  the  trace  produced  by  a  small  sample  was  on 

the  low  heat  side  (left)  of  a  larger  ssieple  of  similar 
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Material;  likewise*  tba  traca  for  a  saaple  with  loo  Cp  occurred  to  tha 
laft  of  that  for  a  higher  Cp  aaapla  of  equal  mass. 

Although  tha  average  Cp  curve  for  HMX  aatchaa  literature  values 
quite  veil*  no  explanation  has  been  found  far  the  vide  differences 
between  the  TOT*  tetryl*  and  RDX  curves  and  their  literature  counter¬ 
parts  shown  In  Figure  10.  It  is  possible  that  the  density  and  form  of 
the  saaples  for  which  reference  results  are  reported  were  quite 
different  fron  those  of  the  tests  in  this  report .  However*  although 
the  tetryl  saaple  used  in  the  second  Cp  test  series  was  the  nelted 
and  refrocen  sample  from  the  first  series*  the  results  were  very  close 
(see  Figure  C-4).  Therefore  the  above  explanation  appears  Inc oap lets. 

Activation  Energy 

Calculations  by  the  DSC  aethod  yielded  comparatively  high  values 
of  activation  energy*  E* *  for  each  explosive.  Results  for  tetryl*  RDX* 
and  FUR  were  9%  higher  than  those  of  Ref  28  *413  *  where  the  same 
aethod  was  used.  Figure  11  shows  these  and  other  values  of  I*. 

The  return  baseline  for  decomposition  exotherms  was  even  less 
likely  than  those  of  purity  tests  to  be  found  at  the  pre-reaction  chart 
position.  In  an  attempt  to  determine  the  effect  of  a  shifted  baseline 
on  the  slope  of  the  lcg10d  vs  1/T  curve*  new  baselines  were  drawn  at  an 
arbitrary  angle  of  eight  degrees  below  the  original  on  tbs  tetryl*  HHX* 
and  PETE  exotherms  shown  in  Figures  D-2,  D—4 ,  and  D-7 *  sad  distance 
versus  temperature  data  was  retaken.  The  tetryl  and  BK  calculations 
gave  a  significantly  lower  slope*  reducing  calculated  1*  values  by  19% 
in  each  case.  Mo  noticeable  improvement  could  be  observed  for  the  PETIT 
data*  however.  It  was  concluded  that*  In  general*  a  baseline 
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extrapolated  toward  endothermic  would  yield  lower  nlwt  of  I*.  As  a 
■attar  of  convention,  then*  the  pre-decomposition  baaallaa  waa  extended 
co-  linear  ly  *  regard  lees  of  the  location  of  the  return  he  ee  line.  For 
either  an  Inert  reference  Material  or  an  enpty  sasple  cup  the  lSC 
trace  usually  began  Increasing  in  non-linear  deflection  toward  endo¬ 
thermic  at  a  temperature  between  000  and  590  °K.  This  observation 
strengthens  the  validity  of  the  above  convention. 

Many  activation  energy  valises  presented  in  literature  have 
resulted  fro*  isothermal  decomposition  tests ,  in  which  the  explosive 
sample  was  by  some  mechanism  placed  suddenly  In  thermal  contact  with  a 
conducting  medltai  at  a  specified  temperature.  By  the  Arrhenius  equa¬ 
tion  (see  Appendix  G) »  since  the  fraction  decomposed  after  t  seconds 
equals  t  times  k,  the  plot  of  In  k  vs  1/T  for  a  series  of  temperatures 
yields  E*/R  as  the  slope  of  the  line.  Results  were  20  to  50  percent 
higher  than  those  of  the  Isothermal  tests.  Since  there  are  indications 
that  this  may  severely  affect  the  usefulness  of  the  K*  values  (see 
Ref  33:8)«  a  modification  of  the  DSC  method  is  indicated.  For  the 
description  of  a  promising  technique  using  solvents*  see  Bsf  28*413. 

Since  activation  energy  is  a  measure  of  an  explosive's 
susceptibility  to  decomposition  at  any  temperature*  a  high  I*  normally 
indicates  slow  decomposition.  Where  design  temperatures  are 
critically  high,  then,  an  incorrectly  high  value  of  ^  would  imply 
rates  of  decomposition  lower  than  those  which  would  actually  be 
observed.  In  many  applications  this  could  contribute  to  dangerously 
prenature  or  accidental  decomposition.  Thus*  with  other  factors  being 
equal,  a  calculated  value  of  K*  which  is  too  low  would  appear  to  be 
better  than  one  which  ia  too  high. 
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VI.  Conclusions 

Base d  on  tbs  results  of  this  study  of  the  applicability  of  DSC 
netbods  to  tba  dste ruination  of  exploe Its  properties*  tbs  following 
ooDOlualooa  are  drawn : 

1.  Boat  of  fusion  and  purity  rwsults  azv  lapalred  by  (a)  tbs 
presence  of  vaporisation  before  or  during  Belting *  and  (b) 
the  occurrence  of  decoapoeltloa  near  tbs  Belting  point. 
Xzploelves  without  these  problens  •  such  as  tetryl  and  TUT* 
glwe  consistent  results. 

2.  At  teaperatures  just  below  the  eel ting  range  the  accuracy 
of  specific  heat  tests  Is  affected  by  (a)  the  beginning  of 
trace  deflection  due  to  Belting*  and  (b)  saaple  loss  due  to 
vaporisation.  explosives  with  high  aeltlng  points*  such  as 
HKI*  give  best  results. 

3.  Yhe  activation  energy  values  f nr  undiluted  explosive  saaples 
are  high  as  compared  with  those  from  Isothermal  tests. 
Modifications  Baking  DSC  activation  energy  results  sore 
useful  appear  possible. 
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▼IX.  Red 


ndations 


It  la  recoaasnded  that  homogeneous  binary  explosive  Mixtures  be 
taatad  by  tha  DSC  Method  to  data  rain*  tha  axtant  of  varia+lou  In  tha 
Malting  point*  dacoapooition  temperature *  and  activation  energy  of  oca 
axploaiva  due  to  the  Introduction  of  increasing  nole  percentages  of 
another  axploaiva.  Such  data  could  be  presented  In  phaae  diagram  fora. 

It  la  reconaended  that  DSC  Methods  be  used  to  conpare  the  pro¬ 
perties  of  recently  developed  explosives  such  as  TFET*  PF»  and  TNTF 
with  aiailar  explosives  already  In  wide  Military  use*  both  in  pure 
fora  and  In  Mixtures  over  a  range  of  percent  compositions. 

It  la  further  proposed  that  teats  using  sealed  eaaple  cups  (DSC 
Part  Mo.  219-0062)  be  performed  and  their  results  compared  with  those 
presented  in  this  report  for  open  and  crimped  cups.  The  sealed  cups 
may  sake  possible  more  reproduceable  results  far  those  explosives  such 
as  TNR»  PKTN »  REX,  and  TNT  which  showed  vaporization  before 
decomposition. 

Finally*  it  is  recommended  that  the  heat  sensitivity  of  explosives 
be  studied*  with  emphasis  on  determining  the  induction  tine  at  various 
temperatures  at  and  above  the  decomposition  point.  It  is  suggested 
that  the  Memory  effect*  which  is  the  possibility  that  induction  time 
Is  shortened  by  the  effects  of  previous  partial  heating*  be  observed 
and  reported. 

The  necessary  equipment  and  supplies  for  the  xecoaaended  studies 


are  available 
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Figure  B-2 
Purityj  TNT  (1) 
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Activation  Energy  Exothema  ,  Calculations »  and  Data  Blots 
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Activation  Energy:  Tetryl  (i) 
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Figure  D-2 

Activation  Jtnargy j  Tetryl  (2) 
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Activation  gnergj:  HMZ  (1) 
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Activation  Energy:  RISS  (1)  With  Data  Adjuatsssint 
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Figure  I>-6 

Activation  Energy:  ROK  (2)  With  Two  Slopes 
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Figure  D-8 

Activation  Energy:  PETN  (2)  Ho  Linearity 
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Activation  Energy:  PETN  (4) 
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Appendix  E 


Sources  of 


The  explosives  used  in  this  study  were  obtained  from  the  following 


sources : 


(1)  Distillation  Products  Industries* 
Rochester  3*  New  York 
(Division  of  Eastman  Kodak  Company) 
25  grams  each 


TNR  and  TNT 


No  lot  mothers 
No  purity  information 


(2)  Lawrence  Radiation  Laboratories* 

Livermore*  California  (Ref  17) 

100  grams  each 

Tstryl  (EX3047)  Stock  on  hand  over  five  years; 

Purity :  no  information 

HMX  (Lot  A436)  Origin:  Holston  Defense  Corporation* 

Kingsport*  Tennessee 
Purity:  99.8%* 

REK  (Lot  A212)  Origin;  Holston  Defense  Corporation* 

Kingsport*  Tennessee 
Purity:  no  information 

PETN  (Lot  A3 56)  Origin:  Trojan  Powder  Company* 

Allentown*  Pennsylvania 
Purity:  98%* 

No  attempts  were  made  to  purify  the  explosives  prior  to  testing. 
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Appendix  F 


Development  of  Purity  Analysis 


For  an  absolutely  pure  compound »  the  ordinary  heat  capacity  dq/dTg 
of  the  sample  would  approach  infinity  at  the  pure  melting  point  T0. 

But  for  an  impure  material*  dq/dTfl  is  a  function  of  sample  temperature 


so  that 


dq/dTs  =  q  <Tq  -  Tn)/(T0  -  Tg)‘ 


The  melting  point  depression  due  to  impurities  is  calculated  by 


T  -  T  = 
o  m 


n  Tq2  X 


Now*  the  fraction  F  of  sample  melted  at  any  temperature  T„  is 


T  -  T 

o  w 

T  -  T 
o 


To  -  Ts  =  <To  "  V<1/P> 

which  gives  the  slope-intercept  equation  for  a  straight  line: 

Ts  =  T0  -  <T0  -  Tm)(l/F) 

Thus*  with  Equation  (9) 

slope  »  =  T0  -  Tn 


n  *o  X 
=  % 

where  X  is  the  mole  fraction  of  impurity  present.  Therefore, 
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Appendix  G 


Devolopaent  of  Activation  Energy  Analysis 

The  basis  for  the  development  of  the  activation  energy  analysis 
if  the  Arrhenius  equation!  usually  given  in  the  fora 

k  «  A*  exp(-**/ET)  -  '15) 

For  an  crploeive  saaple  >  the  ESC  trace  deflections  along  the 
deccopoeition  exothera  are  proportional  to  the  Arrhenius  rate 


constant  k  j 

k  ■  C  d  ■  A*  exp(-E*/RT>  (16) 

which  bee  one  s 

In  C  +  In  d  =  In  A*  -  B*/RT  (17) 

Any  two  points*  (dj.Tj)  and  (d2*T s> ,  ere  chosen:  then 

In  C  +  In  dj  ■  In  A*  -  t? /RT^  (18) 

In  C  +  In  d2  =  In  A*  -  E*/RT2  (19) 

Subtracting*  the  constants  C  and  A  vanish: 

In  dx  -  In  dg  =  -E*/R  (1/Tj  -  l/Tg)  (20) 

or 

-E*/R  =  (In  dx  -  In  d2>(l/T1  -  l/Tg)'1  (21) 


2.303  (log1Qd1  -  10g1Qd2) 
"  VTX  -  l/Tg 

For  R  =  1.967  kcal/aole  °K, 

-4.58  log10(d1/d2) 

“  1/T1  -  VT2 


(6) 


(7) 
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